Abstract. The paper describes method to evaluate residual service life of reinforced concrete structures of railroad bridges, enabling to consider the presence of defects, operation history, and climatic factor to calculate probabilities of the structural state at any given moment of time. The model based on semi-Markov process was used to predict the state and calculate reliability indicators of structures and their elements. The data sources for reliability models are results of observations of the structural state, mathematical models of occurrence and development of defects. The example of determining residual service life of reinforced concrete superstructure is given based on the mathematical model of working reinforcement corrosion development.
Introduction
Over forty three thousand reinforced concrete superstructures are currently being operated on the railway network in the territory of the Russian Federation [1, 2] . The major part is slab and ribbed structures which are mainly produced from conventional reinforced concrete and designed to sustain the loads of 1907, 1925, Н7, Н8, С14, etc. The range of the covered spans is from 1.3 to 16.5 m. The service life of 4.6% of superstructures, designed by the projects of 1911 to sustain the load of 1907 is >90-100 years. Superstructures designed to sustain the load of 1925 (2.6% of the total superstructures amount) are being under operation for 80-90 years, withstanding the load Н7 (6.1%) and Н8 (29.3%) -for 70-85 years. The service life of superstructures designed to sustain the load С14 (54.1%) does not exceed 50 years.
Apart from constant and temporary loads acting on reinforced concrete superstructures while operation they are also subjected to external environmental impacts, which generally have negative influence on reinforced concrete reducing its operation properties. Technical condition of the basic load bearing structures is generally determined by their service life, design features and operation conditions. According to the database of Automated Control System of Engineering Structures the relative number of superstructures on the network of "Russian Railways" JSC, having the following defects reducing the durability and load bearing capacity is as follows: the ballast depth under the tie above the admitted value -20.9%; alkali washing of hardened cement paste -20.1%; eccentricity of the railway over 5 cm -19.6%; frost deterioration of concrete -7.9%; delamination of reinforcement protective layer -6.2%; longitudinal sidewall extended by over 20 cm -4.8%; reinforcement corrosion -2.4%; cracks along the rods of working reinforcement -2.0%.
Considering the above data it can be noticed that the largest number of defects in maintenance of bridge deck is caused by such out-of-tolerance deviations [3] as ballast thickness layer and eccentricity of the railway. The next is negative water influence, as well as alternate freezing and thawing of concrete resulting in alkali washing and frost deterioration.
Materials and methods
Determining the residual service life is a required procedure in bridge operation. Up to date, this problem is not solved yet in the world practice [4, 5] and there are various approaches and ways to determine the standard and residual service life of reinforced concrete superstructures.
Foremost it should be clarified what residual service life means. Russian National State Standard GOST 32192-2013 [6] states that residual service life is operation time which is determined at the present moment of time before its transition into the limit state. This standard also defines that the limit state is the state when further operation is not possible and inappropriate due to risk assessment. Technical Regulations on Safety of Buildings and Structures (Federal Law No. 384) defines the limit state as the state when further operation is dangerous, constrained or inappropriate or recovering of operation condition is impossible or inappropriate. Keeping these definitions in mind it can be concluded that the limit state can be defined as non-operating state (further operation is not allowed) and the state when the recovery is not possible or irrational. This research was centered upon the assessment of the value of operation time before transition into non-operating state. Possibility and appropriateness to recover service life are the issues to be investigated.
The method to determine the residual service life suggested in the present work is based on the following background:
1. Adherence to the approach implemented in Instruction on State Estimation (scoring of the condition upon presence of defects of the superstructure) [7] .
2. Complete correspondence to the National State Standard GOST 32192-2013 "Reliability of railroad engineering. The basic notions, terms and definitions" [6] .
3. Implementation of the concept of methodology on resource, risks and reliability management at all the stages of lifecycle.
Let us define the parameters of objects under study, i.e. reinforced concrete superstructures. They are given as complex systems containing multiple elements. Each of the elements has its purpose and structure; each of them is generally subjected to the action of several factors and can have several various defects. There is an approach for engineering systems which consists in the use of particular reliability indicators (failurefree operation, durability, load bearing capacity, repair capability). These indicators characterize the ability of superstructure to fulfill the required functions.
During operation resulting from damages caused by various natural environment, climatic and man-made impacts defects occur in superstructures. Their condition deteriorates up to their complete failure. Thus, variety of possible states (Fig. 1 ) of both element and the structure on the whole includes:
1. Properly operating (index 0) -there are no defects, efficient, without speed limitations, complete residual service life; 2. Defective operating -completely operating states, characterized by presence of defects with various degree of development and reduced residual service life;
-good (index 1) -defects with the least degree of development; -satisfactory (index 2) -defects with "medium" degree of development; -unsatisfactory (index 3) -serious defects; -pre-failure (index 4) -operating state with defects of maximum permissible degree of development, the residual service life is close to zero; -when imposing speed limitation for the applied load or banning to pass separate types of rolling stock the object is considered as being in partly operating state (index 4.1); 3. Defective non-operating (index 5) -significant defects (up to destruction of load bearing structures), complete inability to fulfill its functions, the residual service life is over, moving is prohibited. Fig. 1 . Hierarchy of multiple possible states of the structure.
The residual service life of the element in operating state is equal to the standard one. Defective states differ by the degree of defects development. Pre-failure state is characterized by the borderline, maximum allowable degree of defects development. The structure could turn from pre-failure state into non-operating one. In pre-failure state the residual service life of the structure is almost over.
Deterioration of condition takes place due to occurrence of damages and growth of defects. The process of changing the condition is accidental. The possibility of failure leading to undesirable effects is defined according to the reliability models. In order to predict the state and calculate the reliability indicators of structures and their elements the model based on semi-Markov process is used.
The state model presented as semi-Markov process is set by distribution function matrix given in Figure 2 . According to the model the probability of each of the possible states is determined at any pre-set moment of time. The data sources to build the reliability model can be results of observations from the database of Automated Control System of Engineering Structures (the observations mean inspections, surveying, testing and results of load bearing capacity calculations), mathematical models of occurrence and development of defects, as well as expert estimates. The preference should be given to statistics, as assessment based on the facts is better than experts' suppositions and theoretical conclusions. In case there is insufficient data on observations of the definite object, one needs to generalize observations of all the other objects similar to it. Provided that this data is also insufficient, one should appeal to mathematical models, and in the last turn to the experts' assessments. The calculation can determine the probability of failure during the pre-set time, the average time before failure, g-percentage service life (time before reaching the limit state with the given probability).
Results
Density of probability distribution of reinforced concrete superstructure being in one state before transition into the other state is complying with the distribution law of VeibullGnedenko with two parameters [8, 9, 10] . Probability density function looks as follows:
where is shape parameter; -scale parameter ("typical" service life). The graphs of several of these functions f(t), based on the statistical data processing of observing the state of reinforced concrete superstructures on the West Siberian railway according to database Automated Control System of Engineering Structures are given in Figure 3 . It is rational to build these graphs for various roads or regions or to use climatic coefficient . Density of probability distribution of being in S0 state before transition into S1 state Density of probability distribution of being in S0-1 states before transition into S2 state Density of probability distribution of being in S0-2 states before transition into S3 state Density of probability distribution of being in S0-3 states before transition into S4 state MATEC Web of Conferences 216, 01005 (2018) https://doi.org/10.1051/matecconf/201821601005 Polytransport Systems-2018 The time from the initiation of operation up to transition into S 4 state is determined according to the following formula [11, 12, 13] :
Where 1 is the duration of corrosion initiation period), -climatic coefficient, 4 -time of corrosion development before the loss of reinforcing steel area reducing the load bearing capacity of the superstructure up to the level of applied loads (e.g. 10% of total area):
where = { ( )}, = { (1 + )}. In S 4 state the pass of load is only possible when the speed or mass is limited, when following the condition of:
The surface of reinforcement subjected to corrosion can be determined according to the following formula at any moment of time [11, 12, 13] :
where is the diameter of working reinforcement, mm; э -the velocity of reinforcement corrosion, within the interval of 0.08…0.3 mm/year; -indicator of the corrosion degree, within the interval of 0.3…0.5; -time from corrosion initiation up to the current or predicted state; ,0 -total reinforcement area not subjected to corrosion.
The condition of 10% loss of reinforcement surface area: 
Thus, the time from initiation of corrosion development up to 10% loss of reinforcement surface area can be determined as follows: 
The time of transition from S 0 state into S 5 can be defined as:
where 5 is the duration of corrosion development up to the loss of such reinforcement surface area when the ultimate force in the element will be equal to the force of train load not considering the dynamic coefficient 1 + = 1,0.
In S 5 state pass of the load is impossible.
Conclusion
As has been noted, reinforced concrete superstructures on the railway network are operated in various climatic zones and are to various extend subjected to the influence of negative environmental impacts. All these peculiar features are to be considered when determining the service life of reinforced concrete superstructures.
